Electron micrographs are presented which illustrate ultrastructural relationships between the polyhedron macromolecular lattice, polyhedron membrane and condensed fibrous sheets in Spodopterafrugiperda cells infected with Autographa californica nuclear polyhedrosis virus. A fibrous material appears to be implicated in the production of all three structures in the infected nuclei. Fibres within an unorganized network were considered to bind together to form a matrix which became ordered into a macromotecular lattice. Accumulations of fibrous masses seen at the periphery of the polyhedron apparently condensed to form the polyhedron membrane. Single and double condensed fibrous sheets are also found in the nucleus; the ultrastructural studies indicate that they too may have arisen by condensation of the fibrous material.
INTRODUCTION
Polyhedral inclusion bodies (PIB) are infectious forms of insect nuclear polyhedrosis viruses (NPV, family Baculoviridae) ; about 5 % of the mass of an inclusion body consists of virions. The enveloped occluded virions are distributed throughout a proteinaceous matrix as either single enveloped nucleocapsids or as enveloped bundles which consist of two or more nucleocapsids within a single membrane (Bergold, 1963; Summers, 1975) .
Thus PIB of Autographa californica NPV consist of approx. 35o nucleocapsids. The 1"emaining mass of the PIB is seen in thin sections as a regular crystalline lattice of macromolecules (Morgan et al. 1955; Harrap, I972; Hughes, 1978 ) . Biophysical and chemical studies have shown that the lattice is an arrangement of similar macromolecules which can be seen in the electron microscope and which upon denaturation in the presence of sulphydryl reagents yield a major phosphopeptide of tool. wt. 26 ooo to 3o ooo (26 to 3o K) termed polyhedrin (Summers & Smith, 1975; Rohrmann, I977) . Several ultrastructural studies have shown that PIB are bounded by a membrane (Summers & Arnott, 1969; Harrap, 1972; Falcon & Hess, 1977; Hess & Falcon, 1978) . Morphogenesis of PIB occurs in nuclei of infected cells and attempts have been made to determine the sequence of PIB formation by observing the spatial relationship and dimensions of virus-specific structural components in infected nuclei. Crystallizing polyhedra have often been noted in association with strandlike fibrous material (FM) which may be involved in the production of the PIB (Summers & Arnott, ~969) . Several workers have observed that the FM is often intersected by'membranelike profiles' (Summers & Arnott, r969) , 'spacers' (MacKinnon et al. I974) and 'cisternae' (Hess & Falcon, 1978) , and it has been postulated that polyhedron membranes are formed from these structures.
OO22-I317/80/OOOO-3829 $02.00 (~) 1980 SGM It is the purpose of this paper to present electron micrographs which demonstrate a possible role of the FM in the formation of both the polyhedron membrane and the macromolecular lattice of polyhedra.
METHODS
Cells and viruses. Spodoptera frugiperda (fall armyworm) cells, IPLB-SF-2I (Vaughn et al. I977) which had been grown for genetic studies at 33 °C for Io passages were used at passage 27~. Cells were cultured in BML-TC/~o medium (Gardiner & Stockdale, I975) containing gentamicin (5o #g/ml) and heat-inactivated foetal calf serum (IO%) and were subcultured at 4 day intervals.
A plaque-purified MP strain of A. ealifornica M NPV (Hink & Vail, I973; Potter et al. I976) was further plaque-purified using a solid agarose overlay (Brown et al. I979) . The final plaque isolate was passaged in S. frugiperda cells at input m.o.i, o-I and was used at the third passage level. Infectivity of PIB produced in cells infected with the MP strain of NPV in vitro was comparable to that of PIB of field collected strains of A. californica NPV in feeding experiments with Trichoplusia ni larvae.
Infection of cells for electron microscopy. Cells were seeded in plastic tissue culture flasks (25 cm 2, 3 × Io6 cells/flask), infected at input m.o.i. 5 and incubated at 25 °C. Infected cells were detached 5 days p.i. by shaking, fixed in cacodylate-buffered 1.75 % glutaraldehyde (pH 7"4) and postfixed in 1% osmium tetroxide. The samples were dehydrated in a graded ethanol series, embedded in Epon, sectioned with a Reichert OMUz microtome, stained with uranyl acetate and lead citrate and examined in a Hitachi HU-Ir or Philips 2oo electron microscope.
RESULTS
Electron micrographs are presented showing the structural relationships between the PIB macromolecular lattice, the polyhedron membrane and condensed fibrous sheets (CFS).
[In this paper, we equate the term condensed fibrous sheets to (i) 'spacers' as originally used in this laboratory (MacKinnon et al. I974), (ii) 'membrane-like profiles' (Summers & Arnott, ~969) and (iii) 'cisternae' (Hess & Falcon, I978) since we consider that each author referred to the same structure.]
The PIB macromolecular lattice
The first set of electron micrographs shows lattice formation in the nucleoplasm of S. frugiperda cells infected with A. californica NPV (Fig. I to 3 )-Masses of fibres in the nucleus (Fig. r) appear to have aggregated to produce a matrix. Alignment of the fibres and initiation of lattice formation were observed in the matrix (Fig. z) . Formation of a macromolecular lattice pattern was also seen in fibrous bundles lying just outside but contiguous with the polyhedron (Fig. 3) .
The polyhedron membrane
The second set of micrographs shows the formation of the polyhedron membrane which surrounds the completed polyhedron (Fig. 4 to 7) . This structure is seen as an accumulation of FM on the polyhedron surface to form a thick peripheral layer (Fig. 4 ). An electrondense interface (arrows in Fig. 4) , apparently formed by the condensation of fibres at the interior boundary of the peripheral layer, was observed. The structure shown in Fig. 5 could have arisen from continued condensation of the fibres, thus reducing the thickness but increasing the density of the interface. This appears to result in a densely stained polyhedron membrane bounded by three lamellae which are separated from each other by electron- lucid layers (arrows in Fig. 6 ). Numerous small fibrous bundles are seen on the surface of the polyhedron even after virus occlusion (Fig. 7) . The fibrous matrix was no longer visible in intact polyhedra. A small proportion of the polyhedra were fractured (less than o.1%) and some of these showed fibres linking the broken edges of the exposed surfaces (Fig. 8) . These polyhedra were probably fractured mechanically during sample preparation for electron microscopy. Fig. 9 and IO show an associationbetween the FM and the fibre-like structures regularly seen in infected nuclei and termed CFS. Fibres were observed blended together into a loosely packed fibrous sheet (Fig. 9) and condensed either at localized sites (arrows in Fig. 9 ) or over the entire surface to form a double fibrous sheet (Fig. IO, II, I2a ).
Morphogenesis of polyhedra

Structural relationship between the polyhedron membrane and the CFS
It appears that the CFS and the polyhedron membrane are both formed by condensation of FM, and in Fig. I2 a comparison is made between the two structures. The polyhedron membrane (Fig. I2b) is seen to be equivalent to half that of a double fibrous sheet (Fig. I2a) . Electron-dense zones and lamellae on the external surface of both structures match closely. In addition to double CFS, single fibrous sheets of different sizes were also seen in the nucleoplasm (Fig. I 0. The single CFS is a structure with an electron-dense profile which cannot be resolved into separate layers. 
DISCUSSION
These studies on the fine structure of infected cells indicate that FM in the nucleoplasm plays a role as an ultrastructural precursor to the macromolecular lattice of PIB and to the polyhedron membrane. Data from micrographs ( Fig. ~ to 3) suggest the most likely order of events during polyhedron formation and supports the idea of Summers & Arnott (I969) that the FM may represent polyhedron protein in a polymerized state prior to incorporation into the crystal. The samples examined in these studies were not taken in time sequence and were fixed late in the infection cycle; thus although the mlcrographs showed a morphological relationship between FM and the polyhedron lattice we cannot be certain that FM is a precursor of the lattice. Since a definite alignment of the fibre components appears contiguous with rows in the macromolecular lattice of the inclusion body, it seems likely that the FM represents a peptide component of PIB preparations which can be dissolved in dilute alkali in the presence of reducing reagents (Summers & Smith, I975) . The first step in the alkali dissolution process of baculovirus PIB is the release of an octamer of polyhedrin (mol. wt. 209 K); in the presence of 2-mercaptoethanol and denaturing conditions (SDS, this is split to the monomeric form of tool. wt. 26 K (Rohrmann, 1977) . Morphogenesis of the polyhedron lattice may thus represent condensation of the 3o K peptide in a series of morphological steps as represented by intermediate formation and subsequent processing of the FM. The three-dimensional lattice seen in polyhedra may arise by an interweaving of fibre strands, followed by condensation which would generate a stable crystalline configuration by loss of free energy. Fibres or fibrous bundles are often found protruding from the periphery of developing polyhedra. Observation of the formation of a crystalline lattice pattern in fibrous bundles just outside the polyhedron (arrows in Fig. 3 ) strongly indicates that polyhedrin polymerizes at the periphery of polyhedra and that fibres are likely to be directly involved in the polymerization process.
Morphogenesis of polyhedra
The fibrous matrix is not observed in thin sections of completed polyhedra (Fig. 7) . Nevertheless, fibrous bundles were seen on the inner exposed surfaces of fractured polyhedra (Fig. 8) . The fibres in the matrix of completed polyhedra are apparently packed so tightly that individual structure was not resolved in thin sections. In fractured polyhedra, however, the fibres linking the broken edges of the exposed surfaces were pulled loose from the matrix and were seen.
During polyhedron development the polyhedron membrane is formed. The process, as seen in micrographs, favours a mechanism of condensation at the inner surface of the peripheral layer of the fibrous matrix (Fig. 4) . In an electron microscope study of Aglais urticae NPV, Harrap (1972) observed a densely stained membrane on the surface of polyhedra, but did not consider the structure to be a true biological membrane. On the other hand, Hess & Falcon (t978) examined A. californica NPV inclusion body formation in Spodoptera exigua tissues and suggested that the polyhedron membrane was formed by condensation and appression of closed elongated cisternae bounded by a classical unit membrane. Our failure to observe a phospholipid bilayer profile in this study indicates that the surface structure is not a true biological membrane and may be accounted for by condensation of the FM.
The CFS in the nucleus are apparently formed by the same mechanism as that postulated for the polyhedron membrane. Comparison of the two structures clearly shows that the polyhedron membrane is structurally identical to half of a double fibrous sheet (Fig. ~2) . In addition to double CFS, single CFShave been seen in association with the FM (Fig. 1 I) . These appear as densely stained structures which may have arisen by further compression of double CFS.
